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Abstract Lithographically fabricated circuit patterns 
can provide magnetic guides and microtraps for cold neu- 
tral atoms. By combining several such structures on the 
same ceramic substrate, we have realized the first "atom 
chips" that permit complex manipulations of ultracold 
trapped atoms or de Broglie wavepackets. We show how 
to design magnetic potentials from simple conductor pat- 
terns and we describe an efficient trap loading procedure 
in detail. Applying the design guide, we describe some 
new microtrap potentials, including a trap which reaches 
the Lamb-Dicke regime for rubidium atoms in all three 
dimensions, and a rotatable loffe-Pritchard trap, which 
we also demonstrate experimentally. Finally, we demon- 
strate a device allowing independent linear positioning 
of two atomic clouds which are very tightly confined lat- 
erally. This device is well suited for the study of one- 
dimensional collisions. 



PACS: 32.80.Pj, 03.75.-b, 03.67.Lx 



1 Introduction 

Trapped laser cooled atoms are now widely used in atomic 
physics experiments . Magnetic traps are particularly 
versatile, since they can be used for any atomic species 
possessing a magnetic moment, and provide conserva- 
tive potentials even for long trapping times. Although 
the magnetic potential has merely served as a container 
in most experiments to date, it also provides an excel- 
lent means for more complex manipulation of atomic 
wave packets. In resonator QED experiments [^||] for 
example, it can be used to shift a trapped atom into 
and out of the quantized light field. Quantum comput- 
ing schemes have been proposed in which a combina- 
tion of electric and magnetic potentials controls state- 
dependent collisions in order to entangle atomic qubits 
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jij . Such complex potentials can be realized when litho- 
graphic or other surface-patterning processes are used to 
produce the field-creating structures on a suitable sub- 
strate, now sometimes called an "atom chip". The use 
of lithographic, planar conductor patterns for magnetic 
atom trapping has been proposed as early as 1995 
However, no successful experiments were carried out at 
that time due to the difhculty of loading such traps, 
which have small volumes and are typically located only 
a few hundred micrometers or less from the substrate 
surface. This situation changed last year with our demon- 
stration of an efficient loading mechanism for surface 
traps 1^. It employs a novel mirror-MOT, using a re- 
flecting layer on top of the circuit pattern to realize the 
laser fields for laser cooling and trapping in close prox- 
imity to the surface. With this loading mechanism, inte- 
grated traps for cold atoms became experimentally ac- 
cessible. In the first demonstration of such a trap, the 
new loading mechanism was employed to fill a minia- 
ture quadrupole trap featuring transverse gradients of 
1700 G/cm 1^. The trapping potential was created by a 
lithographically produced, U-shaped conductor in con- 
junction with an external bias field. In the meantime, 
the same loading and trapping techniques have also been 
applied to construct a loffe-Pritchard (IP) trap for ^Li 
atoms 0. The mirror-MOT technique has also proven 
its usefulness beyond lithographic traps as it was used 
to fill surface traps of a different type, which result from 
the combination of permanent surface fields on magnetic 
tape with an external bias field Q . 

Indeed, lithographic conductors are now increasingly 
employed to trap, guide and manipulate cold neutral 
atoms. Parallel conductors have been used to realize 
atom guides in which atoms are confined in two dimen- 
sions and move freely along the third |^,|oj. Very re- 
cently, more complex conductor patterns were used to re- 
alize an atomic conveyer belt, which adiabatically trans- 
ports atoms and positions them with a precision of the 
order of 1 /im [|ll|. Moreover, two "beam splitters" have 
been demonstrated, one which distributes a trapped cloud 
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in a Y-shaped pattern , and one which spUts a guided 
beam using an X-shaped pattern JlSf . Such devices demon- 
strate the versatihty of the new approach. Considering 
the relative ease of these experiments now that major 
obstacles have been removed, we foresee a wide variety 
of applications for lithographic microtraps. In this arti- 
cle, we discuss some key issues of microtrap design and 
realization. We propose a modular, intuitive approach 
to the design of complex potentials from a few simple 
building blocks. In the following sections, we tackle the 
substrate technology and give a detailed description of 
the loading procedure. The wide-ranging possibilities of- 
fered by simple conductor configurations are illustrated 
by experimental results of trapping in some fundamental 
types of potentials which would be very difficult to cre- 
ate by more traditional means. Finally, we demonstrate 
a linear collider for trapped atoms, which is well suited 
for the study of one-dimensional collisions. 



2 Design of integrated microtraps 

In this section we present a method to design a variety 
of microtraps from simple 2D-conductor configurations 
which serve as modular building blocks. As central part 
we investigate the magnetic potential at a perpendicular 
wire intersection, which can then be used to construct 
more complex magnetic potentials. Throughout the dis- 
cussion we will denote the vector normal to the sub- 
strate surface, all current carrying wires are contained 
within the xy plane at z=0. 



2.1 2D-quadrupole fields 

loffe-Pritchard (IP) traps can be regarded as superposi- 
tion of a two-dimensional quadrupole field for transverse 
confinement and a longitudinally varying field for con- 
finement along the quadrupole axis. The 2D-quadrupole 
field can easily be created in the vicinity of a current 
carrying wire (here /q along e^;), if its tangential field 
B = 1^ ^ is compensated at the point r = (s, 0, zq) by 
the homogeneous field 



B — -Bo, J/ 



2G 
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zq /mm 
(see ?ig.%. 

Magnetic traps and waveguides employing this scheme 
have been realized both with discrete and with 

lithographic wires Furthermore, schemes have 

been studied that permit the creation of quadrupole 
guides without the use of external fields (see e.g. |l^). 



2. 2 Modification of the longitudinal potential 

The field strength along the longitudinal trap axis can 
be varied by adding another field B(r) to the quadrupole 




external field 
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Fig. 1 The field of a current carrying wire (a) and a ho- 
mogenous external field (b) add up to a 2D-quadrupole field 
above the wire (c) . 

field B'^. The components By, yield a shift of the trap 
position along e^ and Gy respectively, whereas the mod- 
ulus of Bx determines the field strength at the shifted 
minimum location. Using a linear approximation for the 
quadrupole field 



B'^{x,y,z) = {0,-b{z-zo),by) 
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the total field B — B^ + B and the transverse trap posi- 
tion can be expressed to O^'^ and 1^^ order, respectively, 
as 
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Here i3inin(a;) signifies the lowest value of the magnetic 
field within the plane perpendicular to the x axis, r^in 
denotes the corresponding minimum position. Accord- 
ing to eq.0 the transverse field minimum can be ap- 



proximated by 
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taken at the position of the 



unshifted quadrupole guide. This method can be used 
to develop an intuitive understanding of many magnetic 
potentials that are based on a 2D-quadrupole trap. 



2.3 Wire intersection 

A high field B^, i.e. a strong longitudinal potential, may 
be obtained by a wire that intersects the x axis at right 
angle. Fig.^ illustrates the geometry of the wire inter- 
section that will serve as building block for more com- 
plicated traps. For demonstration, we choose a current 
of /q = 2 a which together with a magnetic bias field of 
Bo.y — 160 G yields a 2D-quadrupole guide zq = 25 /im 
above the surface^. At this distance, the current /i cre- 
ates a field B^ with components 
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^ These parameters are realistic, see Sect. 3.1 
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Fig. 2 The field strength in the center of the 2D-quadrupole 
can be modified by a current crossing the first wire perpen- 
dicularly. The X component of its magnetic field determines 
the longitudinal trap potential (bottom), the y component 
displaces the transverse field minimum (solid line) from the 
the original quadrupol line (dashed) in the xy plane. 
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Fig. 3 Field contributions of an intersecting wire at height 
^0=25 ^m for a current of /i=0.5 A. 



which are shown in fig.§. 

As the lorentzian shape of suggests, the field con- 
tribution of the intersecting wire can be used to create a 
repulsive potential along the quadrupol axis (Fig.^ a-c). 
However, the repulsive character of the crossing current 
can be converted into an attractive one if a homoge- 
neous bias field Bo,x < —B^{x = 0, zq) is superimposed. 
In this case, the field along the axis becomes 

B^in{x) « |B,(a;,y = 0,zo)| = \BqJ~\B'^{x,z^)\ (9) 

which exhibits a minimum at a; = 0. This field config- 
uration thus provides a trapping potential in all three 
dimensions (fig.§ d-f). Wires supporting a current flow 
perpendicular to a quadrupole guide can therefore be 
used to create repulsive as well as attractive potentials 
along the trap axis, depending on the strength of the 
external field Bq x- 

In order to reflect the physical properties of the trap- 
ping potentials, each plot in fig. ^ shows the minimum 
potential value within the plane (a,d) or line (b,c,e,f) 
that is perpendicular to the visible line or plane. 

A detailed look at the potentials in fig. || reveals how 
the minimum position of the trap is displaced by the 
field component By of the crossing current. The approx- 
imations in eq.lJ and || hold as long as the intersecting 
current is smaller than the current in the central wire 
(/i <C /o)- Here we have chosen Ii — -j/o, the approxi- 




Fig. 4 Field strength at a single wire intersection, parame- 
ters are /o=2A, 7i=0.5A, -Bo,i/ = 160G, contour lines mark 
the field strength in multiples of 10 G. Without an addi- 
tional field along the crossing current leads to a re- 
pelling potential (left column), whereas it creates a three- 
dimensional trap above the intersection point if an additional 
field i3o,a:=-45G e^; is applied (right column). 

mation therefore predicts 2/min to vary according to 

ymin = = -6.4AimBJ/G, (10) 

as is indicated on the right hand scale of fig. ^ (b) . The 
deviation from the approximated field strength is indeed 
so small that it is not visible on the scale of the plots (a) 
and (d) of fig.|. 

2.4 Composing more complex traps 

The fields of several intersecting wires can now be added 
to obtain more complex magnetic potentials. Fig.|^ illus- 
trates the potentials that arise in the vicinity of two par- 
allel wires that intersect the central wire at two points 
100 /im apart from each other. For the intuitive under- 
standing the field contributions from the two wire can 
be summed up in order to give the complete longitudinal 
potential. 

Without external bias field Ba,x^ the field config- 
uration exhibits one IP-trap in the center of the two 
intersecting wires. Contrary to conventional IP-traps, 
the field direction in the center does not coincide with 
the slowest trapping axis: the center field is along e^;, 
whereas the slow axis is turned by the influence of the 
vertical field components of the intersecting wires. 

If a bias field Bq x is applied, two IP-traps form above 
the intersection points, each slightly displaced by the in- 
fluence of the opposite wire (see fig. I f). In a similar 
way, a long chain of magnetic traps can be constructed. 
The magnetic conveyer belt |^,|ll[ can be understood 
in terms of this design principle. As multiple intersec- 
tions of the modulating wires cannot be realized in a 
single-layer substrate, the wires are bent off to avoid the 
crossing. 
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Table 1 Parameters of the optimized four-wire trap. 




Fig. 5 Field strength at two neighbouring wire intersections. 
The distance of the crossing wires has been chosen d = 4zo = 
100 ^m, parameters are Io~2A, /i=/2=0.5A, _Bo,h = 160G. 
Bo,x is chosen as in fig.W. 
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Fig. 6 Longitudinal trapping field for Bo,y = 160 G. a) The 
H-shaped IP-trap with a — zq is optimized for maximum field 
curvature along the slow axis, b) An opposed current in the 
center of the to intersecting wires allows a further increase of 
the longitudinal field curvature and trapping frequency. The 
modulus of current I2 must be smaller than ^^^^^ in order 
to have a field minimum different from zero. 



8.5 Choosing configuration parameters 

The analytical form of the longitudinal trap potential 
(eq.^) can be used to design magnetic traps for spe- 
cific purposes. Here we present an IP trap that is op- 
timized for high longitudinal oscillation frequency. Ap- 
plying equation || to the H-shaped IP trap (fig.|5| d-e), 
simple calculations show that, for a given height zq, the 
longitudinal field curvature is maximized if the intersec- 
tion points are placed at 



X1.2 = Tzq 



(11) 



from the center. 

Fig. H (a) illustrates that the center field of this wire 
configuration attains comparably high values. A third 
current crossing the trap axis in the center of the two 
parallel wires and in opposite direction can thus be used 
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to further increase the field curvature and to thereby de- 
crease the absolute value of the minimum field strength. 

The potential of this optimized four-wire trap is shown 
in fig. H (b). Table |] lists, for all three eigenaxes, the field 
curvature, the oscillation frequency v and the Lamb- 
Dicke parameter defined as [v^jvf' ^ where = (?ifc)^/(2m) 
is the recoil frequency for ^^Rb. The field curvatures 
along the eigen-axes all exceed 10^ G/cm'^, so that ®^Rb 
atoms in the \F = = 2)-ground state can be trapped 
within the Lamb-Dicke regime along all axes. 



3 Key techniques of the microtrap experiment 

3.1 Substrate technology 

A wide variety of micro- and nanofabrication techniques 
appear suitable for atom chips, including standard mi- 
croelectronics processes. Microchip materials generally 
have low outgassing rates, making them suitable for UHV 
use, although some restrictions arise from the require- 
ment of bakeability. High field gradients and curvatures 
are among the most attractive features of magnetic mi- 
crotraps; in order to optimize these features, the atom 
chip should provide low-resistance conductors suitable 
for high current densities. Therefore, gold and copper 
are desirable conductor materials. Finally, the size scale 
of the structures also enters in determining the most 
suitable process. Pure lithographic techniques used with 
sputtered or evaporated metal layers usually limit the 
maximum layer thickness to a few micrometers. If the 
scale of the conductor width is rather in the 10 /im range, 
as is the case in all current experiments, an additional 
electroplating step is helpful to increase the height of the 
conductor cross section, thereby lowering the resistance. 
Thin-film hybrid technology is a standard process com- 
bining lithography and electroplating. It employs gold 
conductors on aluminum oxide, aluminum nitride or sap- 
phire substrates. The minimum width of conductors and 
gaps is typically 10 /im. We have chosen this process for 
our experiments because it fulfills all the cited require- 
ments and because custom-made hybrids are commer- 
cially available. A very similar, custom-developed pro- 
cess was used in the atom guiding experiments at Har- 
vard . One interesting alternative is the process used 
by the Innsbruck group, which uses a uniform gold layer 
on a gallium arsenide substrate. This custom-made pro- 
cess is more difficult to produce, but has the potential 



Applications of Integrated Magnetic Microtraps 



5 



to create smaller structures and leads to a very smooth 
gold surface. 

The mirror-MOT requires a reflective substrate sur- 
face. As the conductor pattern forms a relief structure on 
the surface, directly applying a coating to it would lead 
to a poor mirror with strong diffusion from the conductor 
edges. We therefore use a simple "replica optics" proce- 
dure as described in figure 0to obtain a flat mirror. The 
final substrate has the layer structure shown in figure ^j. 
The size of our substrates is 22.4 mm x 18.4 mm. This is 
large enough even for complicated conductor patterns, 
but limits the size of the mirror and thus the MOT beam 
diameter, see section ^. Thin-film hybrid substrates are 
available in larger sizes, e.g. 2in x 2 in. 

The maximum sustainable current / through the litho- 
graphic conducters is a key parameter in order to obtain 
steep traps. The thinnest wires on our hybrid substrates 
have a cross section oi h = 7 fiia height and w ~ 10 /im 
width. With the literature value oi p — 2.2 /xi7cm for 
the specific resistance of gold, this leads to a resistance 
of 3.1 f]/cm and a dissipated power of P = 3.1 W/cm 
at / = 1 A. Two effects impose limitations on /: global 
heating of the substrate by this considerable total power, 
and local effects which lead to melting or evaporation of 
the wire at one specific point. The first limitation can 
always be alleviated by improving the heat conductivity 
from the substrate to the reservoir to which it is con- 
nected, or, if necessary, by cooling this reservoir (e.g., 
by using a small liquid nitrogen tank). The second, lo- 
cal effect is characteristic of the microfabrication process 
and materials and is the one which actually limits /. 

In our setup, active cooling proved to be unneces- 
sary and the cooling system is most simple. Heat re- 
moval from the substrate is ensured by fixing it on a 
copper block with an UHV-compatible, thermally con- 
ductive epoxy resin (Epo-Tek H77). The copper block 
acts as a heat buffer and is itself connected to the stain- 
less steel vacuum system by copper rods. We have de- 
termined the maximum sustainable currents in hybrid 
wires (h — 7 fim^ w = 10 fi, length / = 20 mm) in this 
assembly. The tests were done in air with the copper 
block posed on a wooden table and initially at room 
temperature. We obtained the following result: currents 
of / = 3 A could repeatably be applied for one minute; 
the copper block heated up by about 40 K during that 
period. At currents above / — 3.2 A, some wires blew 
up, forming ~ 10 /im long gaps in the wire. Thus, the 
highest sustainable current density (at J = 3A) was 
j — 4.6 • lO^A/cm^. The calculated magnetic field of 
a 10 /im wide conductor carrying a current of / = 3 A is 
425 G at a distance d = 10/im from the surface and has 
a gradient oi b ^ 4.12 ■ 10''^G/cm. Superposing a suffi- 
cient longitudinal bias field to suppress Majorana losses 
(wosc ~ lOwprec, see e.g. 0), a loffe-Pritchard trap with 
a transverse oscillation frequency of 270 kHz could be re- 
alized for *^Rb atoms. The resulting confinement leads 
to a Lamb-Dicke parameter of 0.12 with respect to the 






Fig. 7 Steps of the replica technique leading to a smooth 
mirror surface, (a) A small amount of UHV-compatible epoxy 
glue (Epo-Tek 353ND) is dispensed on the hybrid substrate; 
a 250 nm silver layer (which will serve as the mirror) has 
previously been sputtered onto an intermediate substrate, 
(b) The intermediate substrate is sandwiched onto the hy- 
brid substrate, with the silver layer facing the epoxy. Short 
stretches of 25 /im-diameter gold wire serve as spacers, (c) 
After curing the epoxy, the intermediate substrate is lifted 
off, leaving the silver mirror layer on the epoxy. 



250 nm 
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300 nm 
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Fig. 8 Layer structure of the microtrap substrate. 

D2 line, corresponding to a ground state 1/e^ diame- 
ter of 60 nm. These surprising figures suggest that traps 
with exciting new properties may be realized with this 
simple technique. 

3.2 Vacuum system and outgassing issues 

The conductors on the substrate are contacted to con- 
nector pins by gold wire bonding. This technique, ex- 
tensively used in microchip packaging, requires no sol- 
dering compounds and is therefore well suited for UHV 
use. However, a special wire bonder is required. Con- 
tacting with a silver-filled epoxy is an alternative if a 
wire bonder is not available 0. Kapton isolated copper 
wires with matching UHV connectors are used between 
the connector pins and the vacuum feedthrough. 

Considering the quantity of materials employed in 
vacuo, the final pressure in the system is of interest. Our 
small- volume vacuum system is pumped by a 251/s ion 
pump and a simple titanium sublimator. Both pumps are 
connected to the glass cell containing the substrate by 
35 mm stainless steel tubing, involving several 90° angles 
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Fig. 9 Geometry of the experiment. Tlie substrated is 
mounted upside down in tlie vacuum cliamber, so tliat tiie 
atoms are trapped below tlie surface. This enables time-of- 
flight imaging to measure the velocity distribution. The probe 
beam is directed parallel to the surface along the y axis. 

between the cell and the pumps. A vacuum meter, which 
is located about midways between the pumps and the 
glass cell, indicates a final pressure of 3 • 10~^*' mbar typ. 
after 3 days of baking at 140°C. More importantly, we 
observe 1/e lifetimes in the magnetic trap of r ~ 4 . . . 5 s, 
depending on the Rb pressure. It seems reasonable to 
expect an order of magnitude gain if a separate MOT 
chamber is introduced and the pumping speed is im- 
proved. Thus, the atom chip materials are compatible 
with the vacuum level required for evaporative cooling 
or certain quantum manipulation experiments. 

3.3 Detection 

The substrate is mounted upside down in the vacuum 
chamber, so that atoms are "hanging" below its surface. 
This enables timc-of-flight imaging to measure the veloc- 
ity distribution. A probe beam for absorption imaging is 
directed parallel to the surface along the y axis (figure 
P). The shadow of the atom cloud is imaged onto a 12 
bit CCD camera by a multi-element zoom lens. Magni- 
fication is limited by the requirement to image the full 
~ 7 mm length of the atomic conveyer belt. This in turn 
sets the resolution to 23 /im in object space, limited by 
the CCD pixel size. 

After every absorption image, a reference image is 
taken without atoms. Dividing the intensities of both 
images and taking the logarithm yields the optical den- 
sities. All images shown in the following section are ob- 
tained in this way. 

4 The trap loading procedure 

One of the key issues of an atom chip experiment is 
to load cold atoms into microtraps which have much 
smaller volumes than usual magnetic traps and are lo- 
cated in close proximity to a substrate surface. Our load- 
ing scheme relies on a mirror-MOT (Q, see also |l8| ) 
for preparing cold atoms close to a surface, and on a 
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Fig. 10 The mirror-MOT. Left: perspective view indicating 
beam helicities of the diagonal beams which are incident on 
the mirror M, and the orientation of the quadrupole coils 
Ql and Q2. (The horizontal beams are not shown.) Right; 
Projections on the yz and xz planes. 



field switching procedure in the MOT phase (from a 
"macroscopic" quadrupole field to a "microscopic" one) 
to achieve reproducible trap loading without the need for 
precision field alignments. A schematic of the mirror- 
MOT is shown in fig. Two of the six MOT laser 
beams are generated by reflection on the mirror, the re- 
sulting total light field is identical to that of a standard 
MOT. The loading procedure has been described in |^ 
and is summarized in figure We obtain up to 6 • 10^ 
atoms trapped in the MOT, limited by the small trap- 
ping beam 1/e^ diameter of 8.5 mm (which is itself lim- 
ited by the substrate size, as MOT beams are refiected 
on it), by the total laser power of ~ 20 mW, and by 
the rubidium pressure. We adjust this pressure to rather 
low values, i.e. on the same order as the ^ 3 • 10~^° mbar 
background pressure, in order to achieve long magnetic 
trapping times. A dispenser mounted above the sub- 
strate serves as thermal rubidium source and allows for 
relatively fast pressure adjustments. 



5 Demonstration of fundamental microtrap 
potentials 

In Sect. 1^ we have described how simple conductor pat- 
terns can be used as "modules" , which can be combined 
to form complex potentials. Some of these modules cre- 
ate potentials which are useful by themselves, and we 
start our presentation of experimental results with two 
of these: First, a conductor cross is used to create an IP 
trap in which the long axis and the atomic polarization 
can be rotated about the conductor intersection. In the 
second experiment, a long, "Z" shaped conductor (which 
approximates the "H" shape of Sect. ||) creates a very 
elongated IP trap, in which the atoms are strongly con- 
fined transversally and move almost freely about ~ 7 mm 
along the long axis. 

All experiments are carried out with the conductor 
pattern of figure |l^|^,|ll|. The variety of basic conductor 
shapes which it contains makes it versatile enough for a 
large number of different experiments. 
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Fig. 11 The loading procedure. The left column schemati- 
cally depicts the laser beams, currents and coils employed in 
each step, the right column shows corresponding absorption 
images, (a) Loading of the mirror MOT, typ. 5 s at a detuning 
S — —2 r. (b) The MOT center is shifted closer to the surface 
by imbalancing the currents in the quadrupole coils (20 ms). 
(c) The MOT coils are switched off, the MOT quadrupole 
field is now generated by a microtrap wire and bias coils. 
At the end of this phase, the gradient is increased and the 
repumping power reduced. Magnetic fields are switched off, 
the atoms are further cooled in optical molasses {5 = —8 F, 
200 /is) . A circularly polarized pumping pulse then spin- 
polarizes the atoms in a magnetic bias field (200 ^s) . (d) The 
magnetic microtrap is switched on. 




Fig. 12 The complete conductor pattern used in the experi- 
ments. For every experiment described here, a suitable subset 
of this pattern is employed. The width of all conductors ex- 
cept Iq is 50 /im. 



5.1 Rotatable IP trap 



It was shown in Sect. 2.3 that two crossing conductors 
carrying different currents create an IP trap when a suit- 
ably oriented bias field is superposed. As the conduc- 
tor pattern is symmetric, different orientations of the 
long trap axis can be obtained by exchanging the cur- 
rents and bias field components (upper part of fig. p^ ). 
By smoothly varying the currents and bias field compo- 
nents, the long axis may even be turned continuously^ 

^ When a pure symmetric conductor cross is used, the po- 
tential passes through a quadrupole ring shape for the in- 
termediate situation Ii — /2,|Bo,a;| = |So,j;|. However, the 
additional field components introduced by the bent conduc- 



11=^12 I l2 



2 mm 



Bo 



I2 h ^ I2 



2 mm 



Fig. 13 loffe-Pritchard trap created by two intersecting 
conductors. The left column corresponds to > I2 and 
|-Bo,i/| > |So,a;|, in the right column both relations are re- 
versed. Top row: Conductor pattern; the thickness of the ar- 
rows corresponds to the magnitude of the current. Dashed 
arrows indicate the bias field direction. Middle row: Calcu- 
lated contours of the magnetic field modulus \B{x,y)\ indi- 
cating how the long trap axis turns. The left potential con- 
tinuously transforms into the right one when the parameters 
are changed smoothly. Bottom row: Absorption images corre- 
sponding to the two situations. The final trap (right) contains 
4.5 • 10^ atoms. The trap parameters are given in the figure 
caption. 



by 90°. We use the intersection of Iq and /jj^ to cre- 
ate a trap of this type (cf. Fig. |l^). The lower part of 
Fig. shows absorption images of the atoms in such 
a trap for different orientations of the long axis. The 
right image shows a trap that was obtained by turning 
as described above. The trap parameters are I^ = 0.2 A, 
I2 — —1.2 A, Bo.x = 10 G, Bo,y = 4G, leading to curva- 
tures K = (8.85, 8.25, 0.59) • 10'' G/cm^ and to oscillation 
frequencies 1/ = (378, 365, 97) Hz. The ability to align the 
magnetic polarization of the trapped cloud can be essen- 
tial when a well-defined coupling to a polarized external 
field is required, such as the evanescent light field of a 
whispering gallery mode in a high-fincssc microsphere 
resonator |19,M. 



5.2 Highly elongated IP trap 

Potentials that restrict the atomic motion to one dimen- 
sion are interesting from both the theoretical and the 
experimental point of view. The scattering properties 
of cold atoms |21|1 change dramatically in reduced di- 



mensionality 1 2^ 23 1; when the transverse level spacing 

tors in our experiment lift this degeneracy, so that the trap 
remains of the IP type during the whole rotation. 
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exceeds the thermal energy of the atoms, one may con- 
struct single- mode de Broglie waveguides jlGt , which are 
one of the building blocks of future trapped-atom inter- 
ferometers 



24 



With lithographic magnetic traps, the 
construction of such waveguide potentials is straightfor- 
ward since they derive directly from the fundamental 
element of a single wire with a perpendicular bias field. 



As shown in Sect. 3.1, our 10 /im thin-film conductors 



permit transverse level spacings of several 100 kHz for 
Rb atoms. In the pattern of fig. [ij, /q may be used 
to create an IP trap of this kind, with steep transver- 
sal confinement and an almost box-like longitudinal po- 
tential created by the bent parts of the conductor. The 
width of this conductor is 50 /im, but in our experiment 
the transverse curvature is not yet limited by this wire 
width. In fact, our modest bias coil systems permits a 
maximum bias field of only 24 G, so that we cannot as 
yet exploit the full potential of the conductor pattern. At 
Bo y = 24 G, the potential of fig. ^ (center) is obtained. 
The bias field in this example is uniquely generated by 
the wire sections which are parallel to the y axis, and is 
correspondingly small (0.01 G in the center). However, 
an external bias field along the x axis is compatible with 
this potential (see next section) . Figure |l^ shows an ab- 
sorption image in the potential described above. In this 
guide, the atoms experience a transverse field gradient of 
3000 G/cm, which allows for trapping frequencies up to 
10 kHz, depending on the bias field along the trap axis. 
(Cf. Sect, for the choice of the bias field). 



6 Linear cold atom collider 

Highly elongated, cigar-shaped potentials like the one of 
fig. |l^ have been considered by theorists in the context 
of one-dimensional scattering of cold atoms, for which 
surprising properties have been predicted l^,!!). Cold 
collisions are also a key ingredient of quantum computing 
schemes with cold atoms . An ideal situation consists 
of two atoms or atom clouds strongly confined in two di- 
mensions and freely moving along the third, approaching 
each other with well-defined initial momentum. Such a 
situation can be realized in the device we demonstrate 
in this section. It separates two samples of cold atoms so 
that they move to the ends of the cigar-shaped potential, 
and then releases them with opposite linear velocities 
(while maintaining the transverse confinement), so that 
they meet in the center of the trap. Although our atomic 
samples, which have not been evaporatively cooled, are 
still too hot to enter into the one-dimensional regime, 
this device is a good illustration of the atom manipula- 
tion capabilities offered by lithographic microtraps. 

The device is based upon the atomic conveyer belt 
which we recently demonstrated [|ll| , and the potential 
of which is which is described in It enables us to cut 
a long loffe trap into a chain of small, tightly confined 
loffe traps, which can be moved along the central wire 



axis by smoothly alternating the current flowing through 
the additional wires Ml and M2 (see fig. [l^). To sepa- 
rate two atom clouds widely, we load the two leftmost 
magnetic conveyer belt potentials and bring them into 
the collider starting point by the procedure described in 
fig. Next, we abruptly turn off all wire currents ex- 
cept the central one. As described in Sect. H, the atoms 
are now almost free along the long axis and tightly con- 
fined in transverse direction. Due to the steep increase 
of the longitudinal potential at its ends, the atoms are 
accelerated towards each other. Fig. |l^ shows the center 
of mass (CM) position of both clouds before and after 
their encounter. The dashed lines are linear fits on the 
last ten points before the clouds overlap. As the kinetic 
energy of the clouds is much larger than the transverse 
level spacing, collisions will lead to a deviation from the 
fit line of the CM positions after the encounter due to 
the redistribution of kinetic energy into the transverse 
degrees of freedom. In the present demonstration exper- 
iment, which was not optimized for high densities, the 
10 ms encounter does not lead to a significant effect of 
collisions. Nevertheless it represents probably the most 
complex manipulation of atom clouds that has been car- 
ried out in magnetic traps, and thus shows the power 
of the new and flexible manipulation techniques which 
lithographic microtraps have to offer. 



7 Outlook 

The results we have presented show that lithographic 
microtraps offer truly intriguing possibilities for the con- 
trolled manipulation of cold atoms. Multiple atom sam- 
ples can be moved independently in close proximity to 
a surface while remaining tightly conflned. Complicated 
potentials can easily be built from simple elements such 
as the wire cross. A logical next step will be to evapo- 
ratively cool the atoms in such a trap, a task for which 
microtraps are well suited due to the high compression 
which they allow one to achieve. If Bose condensation, or 
indeed preferential population of any single vibrational 
level can be achieved, a host of novel applications be- 
comes accessible, ranging from trapped-atom interfer- 
ometry to quantum gate operations employing controlled 
collisions. 
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